Most but not all phyla include examples of species that are able to regenerate large sections of the body plan. The mechanisms underlying regeneration on this scale are currently being studied in a variety of contexts in both vertebrates and invertebrates. Regeneration generally involves the formation of a wound epithelium after transection or injury, followed by the generation of regenerative progenitor cells and morphogenesis to give the regenerate. Common mechanisms may exist in relation to each of these aspects. For example, the initial proliferation of progenitor cells often depends on the nerve supply, whereas morphogenesis reflects the generation of positional disparity between adjacent cells-the principle of intercalation. These mechanisms are reviewed here across a range of contexts. We also consider the evolutionary origins of regeneration and how regeneration may relate to both agametic reproduction and to ontogeny.
INTRODUCTION
Regeneration in an adult animal is a striking example of postembryonic morphogenesis. It involves the recognition of tissue loss or injury, followed by mechanisms that reconstruct or restore the relevant structure. This latter aspect of regeneration is redolent of development, yet although development is a universal feature of metazoans, this is not the case with regeneration. We do not understand regeneration as an evolutionary variable, in particular why some animals regenerate and others apparently do not (Brockes et al. 2001; Goss 1969 Goss , 1992 Reichman 1984; Sánchez Alvarado 2000) . In this survey of current research on a variety of examples of regeneration, the emphasis is to consider these comparative aspects rather than to promote any particular context, for example, in relation to regenerative medicine (StoickCooper et al. 2007a) .
The ability of adult animals to regenerate large sections of the primary or secondary body axes is not found in all phyla. Six phyla, including rotifers and nematodes, are considered to exhibit cell constancy after embryological development (Hughes 1989 , Sánchez Alvarado 2000 . A fixed number of cells become differentiated, and growth thereafter involves enlargement but not multiplication of cells. The occurrence of regenerative phenomena in all other phyla might be considered widespread from an overall perspective, yet regeneration is diminished or absent in many members of such phyla, including species closely related to those that regenerate. Regeneration is unlikely to have arisen independently in all phyla in which it can be observed. An alternative view is that regeneration is a primordial attribute of metazoans, at least for those phyla not exhibiting cell constancy, and it is lost secondarily for a variety of reasons in closely related species or more distant groups. It has often been remarked that the primordial aspects can be best appreciated in those phyla in which regeneration occurs alongside various methods of propagation by agametic (asexual) reproduction (Hughes 1989 , Sánchez Alvarado 2000 . Although it is not presently under intensive investigation, this relationship merits some consideration.
A quite different and radical view of regeneration is as a by-product, or epiphenomenon, of the mechanisms underlying the development and maintenance of a particular structure, rather than a primary mechanism selected in its own right. This would allow regenerative ability to be lost after a variety of secondary events. This view of regeneration has been repeatedly proposed since the monograph of T.H. Morgan (Morgan 1901 ), yet it has always appeared to be arbitrary or contrived in the absence of specific proposals for the linkage between primary and secondary mechanisms. This is an appropriate subject for modeling approaches, and there has recently been some interesting progress in this direction that at least outlines the possibilities as more detailed information becomes available about regeneration.
We consider current information about the early events of regeneration in the Response to Injury section (below) and then a selection of issues about the mechanisms underlying regeneration. This review is deliberately light on terminology. In some ways, regenerative phenomena present a continuum in relation to mechanisms, and exact definitions can be difficult to justify. For example, the terms epimorphic and morphallaxis have been discussed elsewhere but are not used here (Carlson 2007 , Stoick-Cooper et al. 2007a . The term blastema is used in the most general sense of a regenerative cell group without reference to its origin or other properties. Regeneration of the nervous system will only be considered in relation to the nerve dependence of nonneural regeneration. -M. Candia-Carnevali (2006) It is intriguing to consider regeneration in relation to fragmentation, fission, and budding-various forms of propagation in invertebrates. Fragmentation is the simplest form of agametic reproduction and is essentially identical to regeneration after surgical transection. Fragmentation can occur in animals that are readily broken by external forces and that regenerate from the pieces. Certain sea anemones propagate by fragmentation events that do not involve external forces, but employ a kind of laceration by tearing off pieces (Pianka 1974) (Figure 1a) . Only a few metazoans propagate by laceration, but these include some turbellarians in which part of the body adheres to the substratum and tears away as the animal progresses (Child 1913) .
EVOLUTIONARY ORIGINS OF REGENERATION

Relation to Agametic Reproduction
Fission, in contrast to fragmentation, is usually an endogenous process (Hughes 1989) (Figure 1b) . In echinoderms, autotomy of the arm is a striking form of fission, most familiar in some starfish in which it is a regular feature of the life cycle as a means of clonal propagation (Figure 1c) . Interestingly, in the crinoid Oxycomanthus japonicus autotomy occurs as part of normal development (Shibata & Oji 2003) . To maintain a relatively uniform density as the arms grow out, they autotomize proximally and regenerate new pairs of bifurcating arms from the autotomy plane. In flatworms and annelids, fission may involve the development of a distinct plane of division and new sets of organs before separation, usually referred to as paratomy (or as architomy, if differentiation occurs after separation). Both processes may occur in the same taxon, for example, triclads and naidine oligochaetes, which are small acquatic annelids. Annelids are a particularly interesting group for which to consider the evolution of regeneration (Bely & Wray 2001) (Figure 2a,b) . Species that can reproduce by fission typically have extensive anterior and posterior regenerative abilities, but the distribution of regenerative ability among taxa is broader than that of fission, and there are many groups capable of anterior and posterior regeneration that do not reproduce by fission (Bely 1999) . The ancestor in which fission evolved may have been capable of both anterior and posterior regeneration because both capabilities would have been required. According to this view, regeneration is not some mechanistic offshoot of agametic reproduction but rather the basis for the developmental processes of fission, as outlined in the quotation by CandiaCarnevali (2006) above.
A survey of segment regenerative ability in annelids exemplifies many of the problems and Examples of reproduction by fragmentation and fission. (a) Detachment of pieces from the basal part of the body of the actinian Aiptasia lacerata by translational force of body movement (blue arrows), followed by their conversion into daughter organisms ( purple arrows) is illustrated in the sequence from 1 to 4. After a drawing in Vorontsova & Liosner (1960) . (b) Fission in the holothurian Leptosynapta inhaerens occurs by constriction into several pieces. (c) Autotomy in the starfish Linckia multifora. Reproduced from Hughes (1989) with permission.
paradoxes found in other phyla (Bely 2006 , Goss 1969 , Reichman 1984 . The ability to regenerate posterior segments is very common and is absent in only five groups, which include the leeches. This suggests that the ability to regenerate posteriorly may be an ancestral feature of annelids possibly related to the mechanism of continual adult growth by posterior segment addition. All taxa incapable of posterior regeneration are incapable of anterior segment regeneration, but in addition several taxa with posterior regeneration cannot do so anteriorly.
In some of these cases, closely related species do regenerate anteriorly, which suggests the loss of regeneration. If it is correct to regard these absences as losses, then anterior segment regeneration may have been lost at least a dozen times within annelids. A variety of factors have been invoked to account for the lability of regeneration, and these illustrate the complexity of the problem. First, certain species have a fixed number of segments as adults, and a disproportionate number of nonregenerating species have this property. Second, if amputation removes a structure that is acutely critical for survival, then regenerative ability may be lost because it is of no selective advantage, as frequently noted (Goss 1969 , Reichman 1984 . Third, if species have low amputation rates, this property may lead to a loss of regenerative ability. Fourth, if fission is present in a species, this alternative may decrease the selective advantages for regeneration. In the future it will be critical to understand the molecular basis for as many examples of loss of regeneration as possible.
Modeling Regeneration as an Emergent Property of Development
Cellular automata (CA) have been widely used to model a variety of biological processes. In a recent study the development of digital organisms was followed with an evolvable rule set of 100 genes that is inherited by all cells (Basanta et al. 2008) . The organisms that exhibit a growth phase followed by homeostasis were selected according to a genetic algorithm and then subjected to rounds of mutation to further select a "zoo" of evolved CA. These were challenged with "gunshot wounds" in which ∼5% of the cell population was removed. Several organisms were remarkably effective at repairing such lesions, even though wound healing did not form part of the selection criteria used in the genetic algorithm (Figure 3) . It was possible to subject the wound-healing response to mutational analysis of the gene set. One gene (number 67 in the study) was particularly informative. Its function was critical for wound healing, even though it played no role in the normal Reproduction by paratomic fission in naidines, by which one anterior-posterior (AP) axis becomes divided into two or more tandemly arrayed axes. (a) A new head and tail are intercalated in the middle of the parental worm's body. Fission is initiated when a midbody segment develops a zone of cell proliferation (black bar in middle of body). This zone, called a fission zone, splits into two proliferating zones, each forming new tissue anteriorly. The anterior zone forms a new tail (blue) for the anterior part of the worm, and the posterior zone forms a new head ( green) for the posterior part of the worm. The black arrows indicate the common polarity of the final organisms. (b) A naidine oligochaete, Paranais litoralis, reproducing by paratomic fission. Reproduced by permission of Dr. A. Bely (Bely & Wray 2001). development of the particular digital organism. It had been selected by the genetic algorithm during the evolution of the organism for conferring a small role in the development of an ancestor. In a mutational analysis of adult tissue t = 100 t = 119 t = 101
Figure 3
Regeneration in a digital organism. The panels show an artificial organism that has been evolved to reach a state of morphological homeostasis. Following a growth phase (from t = 0 to t = 50), the organism does this by achieving a state of dynamic equilibrium in which local rates of active cell birth ( green) and cell death (red ) are finely balanced (from t = 50 to t = 150). Although there is no active selection for robustness to environmental perturbation during the evolution of this organism, following wounding (arrow at t = 101), the organism is able to mount a rapid regenerative repair response. Reproduced by permission of Dr. B. Baum (Basanta et al. 2008). regeneration, it would be designated a woundhealing gene without the conventional selective justification for such a role. This study (Basanta et al. 2008) illustrates that regeneration in any context may reflect in whole or in part such a contribution, and this may help to account for the evolutionary lability referred to above.
Future attempts to model regeneration may use conditions that are closer to biological realities, but this proof of principle is already stimulating in its challenge to identify aspects of regeneration that apparently cannot be accounted for in such terms. One critical category of events is the response to injury, which in the model depends simply on the creation of vacant positions by cell removal but which in reality reflects a complex set of signals that engage the regenerative response (Martin & Parkhurst 2004) . Regeneration in different animals. The regenerative cells are shown with a green cytoplasm, the nerve elements in purple, and the epithelial elements in red. Examples a-d can be regarded as regeneration from a continuously growing adult, probably an important precondition of their regenerative ability, whereas examples e-g are not. (a) Regeneration of hydra after bisection through the body stalk (Bosch 2007 , Galliot et al. 2006 , Holstein et al. 2003 . Hydra polyps are in a steady state of constant growth and tissue turnover. Both layers of the body wall, the ectoderm and endoderm, have multipotent stem cells whose progeny are continually displaced upward toward the tentacles. After transection, wound closure takes approximately 1-3 h, and the tentacles of the new head differentiate in approximately 36 h. (b) Planarian regeneration after bisection (Agata 2003 , Newmark & Sánchez Alvarado 2002 , Reddien & Sánchez Alvarado 2004 , Rossi et al. 2008 , Salo & Baguna 2002 . Throughout adult life, planarians maintain a population of stem cells, called neoblasts, that are responsible for tissue maintenance in the face of cell turnover. After formation of a wound epithelium, neoblasts migrate to form a blastema. (c) Fin regeneration in the zebra fish (Akimenko et al. 2003 , Marí-Beffa et al. 2007 , Nakatani et al. 2007 , Poss et al. 2003 . The fin is composed of multiple bony rays separated by interray tissue. Each ray (lepidotrichium) is composed of two segmental hemirays (darker beige) that surround blood vessels and sensory nerve fibers. The transected surface is healed by a wound epithelium, followed by formation of a blastema. The fin grows continuously throughout the life of the fish by the distal addition of segments to each ray. Recombination experiments between rays and interrays suggest that the interray blastema is important in modulating aspects of ray morphogenesis, including the bifurcation of the rays (Murciano et al. 2002 . (d ) Tail regrowth in the Xenopus tadpole following transaction (Slack et al. 2008) . The spinal cord ( purple), muscle (red ), and notochord (beige) give rise to distinct populations of progenitors that divide in the bud and add to the template tissues of the stump. (e) Limb regeneration in the salamander following amputation (Carlson 2007) . The wound epithelium forms by migration, and the mesenchymal blastema accumulates underneath it. Cell division during the early stages of regeneration is dependent on the nerve supply and then on the wound epithelium. The cartilage of the stump is shown in beige. ( f ) Lens regeneration in the newt (Eguchi 1988 , Okada 1991 , Tsonis et al. 2004 ). Removal of the lens is followed by cell cycle reentry of a patch of pigment epithelial cells (PEC) at the dorsal pupillary margin. These cells transdifferentiate to lens (yellow), which forms as a vesicle growing from the dorsal margin. ( g) Heart regeneration in the zebra fish (Poss et al. 2002) . Resection of the ventricular apex is followed by rapid formation of a clot (brown) and a widespread activation of the epicardial layer (dotted red ), which supplies cells that invade and vascularize the regenerating myocardium. The regenerative cells are presently proposed to be derived from undifferentiated progenitor cells (Lepilina et al. 2006) . The bulbous arteriosus is shown in green.
Regeneration apparently involves some mechanisms that are not employed in developmentone example considered below is the dependence on the nerve supply. These issues provide a basis for informing our current understanding of regeneration in different contexts.
CONTEXTS OF REGENERATION
To illustrate both common and distinctive aspects of regenerative mechanisms in different contexts, we show in Figure 4 schematic diagrams of seven animals or organs in the process of regeneration.
RESPONSES TO INJURY
A regenerative response is initiated by the recognition of tissue loss or local injury. This critical aspect of regeneration is poorly understood, in part because there are many potential signals. One long-standing and intriguing possibility, currently receiving renewed attention, is bioelectrical signaling. The injury currents that flow after limb amputation are a reflection of altered tissue geometry and hence electrical resistance. Thrombin activation is a pivotal regulator of the vertebrate injury response, in particular hemostasis, and it has become a candidate for initiating the regenerative response in salamanders. There is currently considerable interest in the influence of the immune response on regeneration, and evidence in different contexts for positive, negative, and neutral effects. Finally, an important early response in many cases of regeneration is the formation of a wound epithelium, which is critical for subsequent events, and this aspect is considered here.
Bioelectrical Signals
The amputation of a salamander limb produces a low-resistance shunt at the end of the stump, through which ionic current flows over the next few days (Borgens 1985) (Figure 5 ). Wounds are generally electrically positive with respect to more proximal, uninjured areas, and the battery driving currents out of the limb stump resides in the skin. The skin battery produces a transcutaneous voltage with the internal tissues positively charged relative to the exterior of the body, owing to pumping of cations. Regeneration can be inhibited by reducing the transepithelial potential with pharmacological approaches, but the basis for such inhibition can be questioned. In a critical experiment, the normal injury current was reduced or nulled by implantation of a cathode between the skin of the tail or shoulder and passing current from a regulated source connected to an external anode placed in the water of the tank ( Jenkins et al. 1996) . Approximately half of the experimental group showed some degree of inhibition or abnormal morphogenesis relative to controls. Atkinson et al. (2006) Figure 5 The flow of electrical currents in and out of the end of an amputated forelimb of a newt (after Borgens 1985) . The intact skin of the stump drives charge through the amputation surface. The magnitude of the current leaving the end of the stump (proportional to the length of the red arrows) can be measured with a vibrating microprobe: The magnitude is maximal soon after amputation and declines to baseline over 10-14 days as the epidermis thickens and the blastema forms. The current flow returning to the limb (and also through the flank) is shown as the smaller purple arrows.
found that the larger current flows associated with electroporation promote dedifferentiation in the newt limb.
Recent experiments on the regenerating larval tail of Xenopus have implicated the activity of the V-ATPase proton pump in regeneration but not wound healing (Adams et al. 2007 , Levin 2007 . Inhibition of the pump with concanamycin inhibited regeneration, whereas expression of a concancamycin-insensitive yeast proton pump could rescue regeneration from this pharmacological blockade. Adams et al. (2007) and Levin (2007) both favor a pivotal role for the pump in setting the membrane voltage of the bud cells and posit a variety of downstream targets for voltage gradients.
If this subject is to move into the mainstream of regeneration research, it will be in part due to an enhanced understanding of mechanism, specifically of how current loops or voltage gradients are sensed and transduced in regeneration. In a recent study of a culture model of corneal wound healing, the migratory response of cells depended on the opposing activity of the enzymes phosphoinositide-3 kinase γ (PI3Kγ) and the lipid phosphatase PTEN (Zhao et al. 2006 ). The first enzyme was essential for the ability of cells to respond to electric fields, whereas loss of the second enzyme enhanced responsiveness. This study may be seminal if it leads to delineation of a signal transduction pathway for this cue. Epithelial migration may be a critical event that is dependent on the injury currents in limb regeneration. This is an interesting possibility, although a failure of migration is not a readily apparent feature of animals whose regeneration was inhibited by reversal of the injury currents ( Jenkins et al. 1996) . Stewart et al. (2007) proposed that the effective regeneration of the nerve supply, considered below as a critical regulator of limb regeneration, is the aspect influenced by the internal current loops ( Jenkins et al. 1996) . Adams et al. (2007) proposed that this mechanism contributes to the activity of the V-ATPase in Xenopus tail bud, although they proposed other possibilities.
One other relevant context of interest is planarian regeneration, in which the polarity of regeneration was reported to be manipulated by an applied electric field, such that heads always formed toward the cathode (Carlson 2007) . Researchers have recently found, as discussed below, that downregulation of β-catenin or the Wnt agonist dishevelled causes the inappropriate regeneration of a head (Gurley et al. 2008 , Petersen & Reddien 2008 , and this discovery may offer an interesting opportunity to relate electrical and signal transduction aspects.
Thrombin Activation
That early events in vertebrate regeneration often occur in proximity to fibrin clots is not surprising and has been noted for intestinal (O'Steen 1958) , limb (Donaldson et al. 1985) , and cardiac (Oberpriller & Oberpriller 1974) regeneration in salamanders. Clots are formed from the action of the protease thrombin on plasma fibrinogen, and thrombin activation from its zymogen prothrombin is exquisitely regulated both in space and in time. The possibility that local thrombin activation is a signal for regeneration came from studies in which cultured newt myotubes returned to the cell cycle by the activity of a thrombin-generated ligand (Tanaka et al. 1999) . Thrombin is sufficiently central to hemostasis and other aspects of the injury response that its activity in limb and heart regeneration cannot be blocked in a meaningful way. Lens regeneration after lens removal is a context in which the injury-related aspects are more circumscribed, because the lens is suspended in the anterior chamber and is not contiguous with the iris, the tissue from which the new lens is derived (Figure 4 f ). After lens removal in the newt, thrombin activity appears transiently on the dorsal pupillary margin of the iris and can be blocked by the introduction of inhibitors into the chamber (Imokawa & Brockes 2003) . This intervention effectively curtails reentry to the cell cycle by pigment epithelial cells (PECs) on the dorsal margin and inhibits lens regeneration (Imokawa et al. 2004 ). Although thrombin activation at this location appears to be necessary for lens regeneration, it is not clear that it is sufficient. In a somewhat different view of the process, cell proliferation is considered to occur at the pupillary margin around the entire circumference and is dependent on upregulation of fibroblast growth factor 2 (FGF2) activity, whereas the dorsal-specific activation of the Wnt signaling system determines the location of lens regeneration (Hayashi et al. 2006) .
Recent evidence for mammalian liver regeneration suggests that the release of serotonin by activated platelets after hepatectomy is a critical signal for the initiation of hepatocyte proliferation (Lesurtel et al. 2006 ). Platelet activation is another thrombin-dependent aspect of the response to injury, which suggests that different examples of vertebrate regeneration may share this important linkage.
Immunomodulation and Regeneration
Differences in immune mechanisms and immunomodulation following injury may be a factor regulating the occurrence of regeneration (Mescher & Neff 2005) . There is a correlation in phylogeny between the development of adaptive immunity and the progressive loss of regenerative ability. This view of immune interference in regeneration is not relevant to a discussion of how injury may be linked to regeneration, other than as a possible negative influence in disrupting this linkage. In a recent study of fin regeneration in the zebra fish with a small molecule screen, Mathew et al. (2007) observed that glucocorticoid agonists were able to block regeneration in the early wound-healing phase. Amputation of the caudal fin induces neutrophil inflammation, and one possibility was that this inflammation plays a necessary role that is inhibited by the familiar anti-inflammatory action of glucocorticoids. This was tested by the use of antisense morpholinos to target Pu.1, a transcription factor required for myeloid cell development. After amputation of the caudal fin, neutrophils and macrophages were completely absent from Pu.1 mutants, yet fin regeneration proceeded indistinguishably from controls. Thus, in this context there is apparently no functional link.
Recent work on salamander lens regeneration has uncovered an intriguing positive role for innate immunity. The vertebrate eye produces a restricted systemic immune response that is different from other compartments and has been termed anterior chamber-associated immune deviation (ACAID) (Streilein 2003) . This specialized response may have evolved because inflammation in the eye would be a grave threat to vision. An obligatory step of ACAID involves trafficking of stimulated dendritic cells from the anterior chamber to the marginal zone of the spleen and the return of immune effector cells to the eye. If the salamander lens is damaged by local pricking, it is engulfed and destroyed by an innate immune response, followed by the concerted regeneration of a new lens from the dorsal iris (Figure 6) . In a striking, purely immune-mediated model of regeneration, dendritic cells from a pricked eye were transferred into normal animals and evoked lens removal and regeneration (Kanao & Miyachi 2006) . This process was abrogated by removal of the spleen from the recipient animals, in line with the involvement of the ACAID pathway. The relevant stimulus for lens regeneration in the natural habitat may not be lens removal but parasitic infection of the lens (Okada 2004) , and hence it may be appropriate that ACAID, a modified innate immune response, is involved in replacing the lens. The only adult vertebrates able to regenerate the lens from the dorsal iris after lens removal are the newts (acquatic salamanders) and Cobitid fish. The circumstances surrounding lens regeneration should make it a very interesting case in the future to try to understand both its evolutionary and mechanistic aspects (Godwin & Brockes 2006 ).
Formation of a Wound Epithelium
A critical early response in most contexts is the migration of epithelial cells across the plane of amputation or tissue injury (Carlson 2007 ) (Figure 4a-e) . The wound epithelium takes on a specialized and transient identity and plays a significant role in the ensuing events of regeneration. In some cases, formation of a wound epithelium does not occur (Figure 4 f,g ). Lens regeneration, as discussed above, is a process of localized epithelial transdifferentiation that does not involve the formation of a wound epithelium. Heart regeneration, as recently analyzed in zebra fish, involves a widespread early activation of the epicardium, and the epicardium may perform a role analogous to that of the wound epithelium (Lepilina et al. 2006) . Another example is intestinal regeneration in salamanders, in which the transected ends are not sealed and the formation of an open blastema permits rejoining between the ends of transected intestines or even the formation of lateral T junctions by adhesion to the intact intestine (O'Steen 1958). The roles of the wound epithelium are still not understood at a detailed level, but certain points can be made. One can prevent the formation of the salamander wound epithelium by suturing a flap of skin over the end of an amputated limb or tail. This procedure permits wound healing but prevents regeneration. In a critical experiment, the effect of a skin flap after amputation was compared with contralateral limbs that were amputated at the same time and had a wound epithelium (Mescher 1976) . The experimental and control limbs were comparable in terms of the formation of the initial cohort of blastemal cells and their entry into S phase and mitosis. A study with a blastemal cell marker confirmed the generation of blastemal cells under a skin flap (Gordon & Brockes 1988 ). There was a marked difference, however, in the proliferation observed at two weeks after amputation, when the wound epithelium is clearly playing a key role (Mescher 1976 ). This may correspond to the appearance of newt anterior gradient (nAG) protein-positive gland cells, as discussed below in relation to nerve dependence (Kumar et al. 2007b ). The wound epithelium may provide a distal boundary for patterning mechanisms during regeneration, although positional identity is usually considered to be encoded only in mesenchymal cells (Stocum 1984) . A recent interesting proposal is that epidermal cells of different circumferential identities must migrate and meet to form a functional wound epithelium (Campbell & Crews 2008) .
The formation of this epithelium is apparently a target for a variety of regulatory events. In no case do we understand the critical stimulus for migration. We consider above the possibility that currents play a role, as well as the minimal hypothesis that loss of neighboring cells is sufficient, as is apparently the case in culture. Fin regeneration has provided new information about early changes in gene expression that affect the wound epithelium. The devoid of blastema (dob) mutation was found in a screen for temperature-sensitive effects on regeneration and identified as a mutation of fgf20a (Whitehead et al. 2005) . Its expression was detected as early as 1 h postamputation (pa) and later in mesenchymal cells at the epithelialmesenchymal boundary. Although the wound epithelium forms in the mutant, it is notably thickened even at 6 h pa, and marker gene expression for this structure is delayed or absent. The mutant largely fails to form a mesenchymal blastema. It is interesting that the dob mutant has only a marginal effect on fin development at the nonpermissive temperature. Is it like gene 67 in the in silico analysis (Basanta et al. 2008 ), a bit player in development with a major emergent role in regeneration, or is it part of a critical regeneration-specific response linked to injury specific signals that play no role in development?
Another study found that the Wnt family members wnt 10a and wnt 5b were upregulated at the tip of the fin as early as 3 h pa (StoickCooper et al. 2007b ). The authors showed that inhibition of Wnt/β-catenin signaling also leads to a loss of expression of a wound epithelium marker and marked downregulation of fgf20a. They suggest that the injury signal(s), currently unknown in this system, may directly or indirectly activate wnt 10a expression, which then activates fgf20a. A separate study has also emphasized the importance of the wnt pathway for the formation of a normal wound epithelium in both the zebra fish and amphibian contexts (Kawakami et al. 2006) .
A small-molecule screen on fin regeneration has underlined the importance of the wound epithelium as an early target for regulatory events. The glucorticoid receptor agonist beclomethasone can block regeneration after a 4 h exposure immediately following amputation, but not in subsequent time windows (Mathew et al. 2007 ). The wound epithelium that forms in the presence of beclamethasone fails to express a basal marker and is the presumed target of this effect identified by chemical genetics. It should be possible to use conventional genetics in the zebra fish to achieve wound epithelium-specific regulation of gene expression in a defined time window, which should permit a significantly higher level of resolution than has been possible to date in other contexts. We certainly need to understand much more about the regulation of gene expression at the beginning of regeneration, as well as the signals that are instructive for it. For example, there is no information at present about the injury signals that initiate regeneration in hydra and planaria.
ORIGIN AND MOBILIZATION OF REGENERATIVE CELLS
The origin of regenerative cells remains a central issue in regeneration research and one for which there has been much activity. It is not possible to cover every example here, and we choose to consider a subset of examples that illustrate the familiar dichotomy between reserve progenitor cells as opposed to local plasticity of differentiated cells. According to recent research, heart regeneration in salamander and zebra fish provides an interesting contrast in mechanisms (Figure 4g) . Previous studies have www.annualreviews.org • Animal Regenerationsupported the hypothesis that regeneration of the zebra fish myocardium proceeds by reentry into the cell cycle of adult cardiomyocytes (Poss et al. 2002) . A recent study has provided evidence that the new myocardium arises from undifferentiated progenitor cells (Lepilina et al. 2006) . This study employed an elegant approach with transgenic lines expressing GFP or RFP from a cardiac myosin light-chain promoter. GFP folds and fluoresces more rapidly than RFP and is also less stable than RFP. After injury to the ventricle, the authors identified, at the resection plane at days 5-7 pa, myocardial tissue that was GFP+/RFP− and not GFP−/RFP+; the latter would be predicted to arise from differentiated cardiomyocytes. The upregulation of early cardiomyocyte markers in this location further supported the interpretation that cardiomyocytes are derived from undifferentiated precursor cells. This study provides a stimulating new perspective, although it is an indirect approach and needs to be supported by the identification of unique markers and genetic lineage labeling techniques (Borchardt & Braun 2007) .
Injury to the newt ventricle is followed by widespread reentry to the cell cycle by cardiomyocytes in the region of the fibrin clot (Laube et al. 2006 , Oberpriller & Oberpriller 1974 . This is accompanied by downregulation of sarcomeric proteins (Laube et al. 2006) . Newt ventricular cardiomyocytes can be readily isolated in culture, in which, in contrast to some examples with mammalian cells, many cells retain differentiated properties. A significant proportion are able to reenter S phase and enter mitosis, in contrast to adult mammalian cardiomyocytes (Bettencourt-Dias et al. 2003) . In a recent study by Laube et al. (2006) , cardiomyocytes were labeled and implanted into the newt limb blastema, where the cardiomyocyte troponin T marker was lost, and the blastemal cell marker 22/18 was induced. Many labeled cells later expressed skeletal muscle markers, and the authors interpret their findings in terms of transdifferentiation of cardiomyocytes (Laube et al. 2006 ). This context may offer an opportunity to study the signals mediating plasticity of the differentiated state. Previous claims of an activity in blastemal extracts that induces dedifferentiation of newt and mouse myotubes have not been repeated, but the cardiomyocytes could present an interesting assay system (Borchardt & Braun 2007) .
Newt skeletal myotubes are able to reenter and traverse S phase in response to a thrombin-derived ligand present in vertebrate sera (Tanaka et al. 1997 (Tanaka et al. , 1999 . Mammalian and other vertebrate myotubes do not respond to serum stimulation in this way, thus identifying a distinctive property of differentiated cells in salamanders. The activity has been purified extensively from a bovine source and is a glycoprotein (Straube et al. 2004 ). Its identification promises to be a step forward in understanding phylogenetic differences in regenerative ability at a molecular level. Mouse myotubes respond to partially purified preparations of the thrombin-derived factor by upregulation of some immediate early genes such as jun and fos (Loof et al. 2007 ). Analysis of individually purified myotubes showed that a distinct set of genes was regulated in comparison to myotubes stimulated with familiar serum growth factors. This study by Loof et al. (2007) suggests that mammalian myotubes have retained responsiveness to the thrombin-activated factor but have lost downstream elements that activate DNA synthesis.
A second aspect of plasticity in salamander skeletal muscle is the occurrence of cellularization, the conversion of multinucleate myotubes and myofibers to viable mononucleate cells. The earlier evidence that this can occur in relation to implanted myotubes, and myofibers in the regenerating tail after dissociation and culture, is not reviewed here (Brockes & Kumar 2002 ). The recent derivation of transgenic lines in the axolotl offers the possibility to use genetic labeling methods to follow cellularization (Sobkow et al. 2006) . There is renewed interest in satellite cells in newt muscle, which have been identified with the Pax-7 marker and studied after a long period of neglect (Morrison et al. 2006 ). These cells are clearly activated during limb regeneration, and a key issue to be determined is the balance between satellite cells and cellularization as sources of myogenic cells. A recent study of jaw regeneration in newts has suggested that both sources are important (Kurosaka et al. 2008) . Interestingly, in regeneration of the Xenopus tadpole tail there is convincing evidence for an exclusive derivation from satellite cells (Gargioli & Slack 2004) . In this context the regenerating tissues appear to be templated on their adjacent counterparts in the stump, rather than by formation of an autonomous blastema, as found in salamander regeneration (Slack et al. 2008) (Figure 4d ).
Fin regeneration in zebra fish is emerging as an important context for vertebrate regeneration in a powerful genetic system (Curado et al. 2007 ), yet studies of the origin of blastemal cells have been indirect or inferential to date, and the availability of genetic labeling methods should allow more decisive evidence to be obtained.
Lens regeneration is an example in which the regenerative cells arise by transdifferentiation of iris PECs (Tsonis et al. 2004 ). The signaling events underlying this pathway are under investigation, as discussed above. It is possible to aggregate newt PECs of the dorsal iris, implant these cells into a lentectomized eye, and obtain an extra lens from the aggregate. Ventral PECs do not normally give a lens, but expression of the gene Six-3 by transfection in the presence of retinoic acid leads to efficient induction of lens transdifferentiation from ventral cells. Six-3 is normally expressed after lens removal in the dorsal iris, and these experiments identify it as a major regulator of the transdifferentiation pathway (Grogg et al. 2005) . Treatment of ventral cells so as to inhibit the bone morphogenetic protein (BMP) pathway led to a low but significant induction of lens formation. Grogg et al. (2005) interpret this result to indicate that BMP signaling maintains ventral identity and that cells take on a dorsal identity after inhibition. The familiar master regulator of eye development, the Pax-6 gene, does not substitute for Six-3 in these assays but is apparently involved in a loop regulating proliferation and lens fiber differentiation (Madhavan et al. 2006) . The analysis of gene expression in the iris has revealed that the ventral iris appears to be activated by lentectomy but cannot normally complete the pathway followed by the dorsal cells (Makarev et al. 2007) . As an example of transdifferentiation that is subject to strict spatial localization, lens regeneration remains a key subject for future studies.
Planarian regeneration is currently discussed almost exclusively in terms of the contribution from neoblasts (Salo & Baguna 2002 , Sánchez Alvarado & Kang 2005 , although the present evidence does not necessarily rule out a contribution from differentiated cells (Reddien & Sánchez Alvarado 2004) . In hydra regeneration, the activity of epithelial stem cells underlies budding and regeneration (Bosch 2007 , Galliot et al. 2006 , Holstein et al. 2003 . Although most cnidarian polyps grow constantly, the medusae stage of the life cycle has limited capacity for growth. Studies of the medusae of the jellyfish Podocoryne provide a striking example of transdifferentiation and its regulation by signaling (Schmid 1992) . When patches of striated muscle were explanted, they could be activated by enzymes that degraded the extracellular matrix, and they later differentiated into smooth muscle and other cell types. The impression left by these studies on the medusa is that the control of the differentiated state is poised to allow considerable plasticity, which may be related to the important role of agametic reproduction and regeneration in these animals.
NERVE DEPENDENCE OF REGENERATION
After amputation or tissue injury, the nerve supply to the damaged region regenerates (Figure 4a-e) . In most contexts this regeneration involves axonal extension so as to reestablish functional contacts with the regenerate. In the case of tail regeneration in salamanders, or head regeneration in hydra, the generation of new nerve cells may also be involved. It has been widely observed that regeneration is dependent The Barbel fish (Barbus barbus) with its two pairs of protruding taste barbels. Barbels consist of a central rod of cartilage, a nerve trunk, and a tip that is covered with taste buds. After amputation a blastema forms under the wound epithelium. The nerve is required both for regeneration to occur and for maintenance of the intact barbell (Goss 1956 ). Photographed at the London Aquarium.
on concomitant regeneration of the nerve supply (Carlson 2007 ). This dependence is of great interest and importance for our understanding of regeneration for at least two reasons. First, it is widely conserved in phylogeny, being observed not only in various contexts in vertebrates (Figure 7) but also in examples of echinoderm (Candia-Carnevali 2006) and annelid regeneration (Boilly-Marer 1971) . The nerve involvement in hydra and planaria is less obvious, and the evidence is discussed below. Second, this dependence presents perhaps the clearest example of a difference between development and regeneration. In some examples, development of the structure does not depend on its innervation. It is possible that nerve dependence of regeneration evolved as a mechanism to ensure that a regenerate is functionally innervated, and this requirement provides a plausible rationale.
The earliest example of nerve dependence to be recognized, and the most intensively studied, is the regeneration of the salamander limb (Singer 1952 ). An adequate complement of either motor or sensory axons is sufficient to support regeneration (Sidman & Singer 1951) , and impulse traffic or release of the motor neurotransmitter acetylcholine is not required (Drachman & Singer 1971) . As for the case of the wound epithelium mentioned above, the regenerating nerve is not required for formation of the initial cohort of blastemal cells, but rather for their proliferation. If a major peripheral nerve is transected and inserted into a skin wound, it can evoke formation of a supernumerary limb, as discussed below in relation to pattern formation (Egar 1988 , Endo et al. 2004 . Other examples of nerve dependence, in particular in annelids, show comparable effects of nerve deflection (Kiortsis & Moraitou 1965 ). The nerve is not instructive in a morphogenetic sense, because the nature of the appendage is determined by the location of insertion (Guyenot et al. 1948 ), but constitutes an essential element of the stem cell niche. It is of great interest that this property of regeneration is actually imposed on the limb when the nerves grow in during development. The outgrowth of the limb bud is not dependent on its innervation, and if the innervation is prevented, the resulting aneurogenic limb can regenerate in the absence of the nerve (Tassava & Olsen-Winner 2003 , Thornton & Thornton 1970 , Yntema 1959 . Thus, nerve dependence is established over a nerve-independent alternative. It is important to understand these mechanisms in relation to the above issues concerning the relationship of regeneration to development.
Previous investigations (Brockes & Kintner 1986 , Globus et al. 1991 , Mescher et al. 1997 , Mullen et al. 1996 have considered several known growth factors as candidates for mediating nerve-dependent proliferation in the blastema. A recent study has identified a new growth factor termed nAG whose expression is regulated by the nerve (Kumar et al. 2007b) . nAG was identified as a secreted protein that interacted with Prod 1, a cell surface determinant of positional identity in blastemal cells (Morais da Silva et al. 2002) . The anterior gradient proteins were originally discovered in relation to studies of cement gland development in the Xenopus tadpole (Sive et al. 1989) . After amputation, the severed axons retract (Figure 8a ) and then regenerate back along the nerve sheath. The Schwann cells of the distal sheath express nAG, followed by gland cells in the wound epithelium (Figure 8b,c) . Expression in both locations is abrogated by cutting the nerve at the base of the limb (Figure 8d ). The recombinant nAG protein acts as a growth factor for cells dissociated from the blastema (Figure 8 f ) , and this activity is blocked by antibodies to the Prod 1 protein. nAG can be expressed during regeneration by electroporation of a construct expressing the secreted protein. One activity of the protein is to induce the appearance of nAG-positive glands in the wound epithelium after denervation (Figure 8e) , which suggests that the release of the protein from the Schwann cells induces the appearance in the glands during normal regeneration. The proliferation of the early blastema depends on the nerve, but the wound epithelium then becomes the predominant influence, as mentioned above (Mescher 1976 ). This may correspond to the shift in nAG expression from Schwann cell to wound epithelium. The second activity of the protein expressed after
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electroporation is to rescue 50% of the denervated blastemas so that they regenerate through to the digit stage (Kumar et al. 2007b ). The protein is not a direct product of the nerve but is induced in the key niche tissues through the direct (Schwann cell) or indirect (wound epithelium) activity of regenerating axons. Interestingly, Tassava & Olsen-Winner (2003) showed that denervated Schwann cells release an inhibitor of blastemal cell proliferation, thus making the switch after axonal regeneration more marked in both turning off an inhibitor and turning on the nAG activator. This study may also suggest a new direction for research on the problem of the aneurogenic limb.
In hydra the nerve net has long been regarded as a fascinating example of an early nervous system that extends throughout the animal (Westfall 1996) . It is possible to derive nerve-free hydra, which clearly regenerate and bud (Marcum & Campbell 1978 , Sugiyama & Fujisawa 1978 , but following the example of the aneurogenic limb, it is not possible to conclude that regeneration in normal hydra is necessarily nerve independent (Galliot et al. 2006) . In a recent study of head regeneration, de novo neurogenesis was disrupted by downregulation of cnox-2, a hox gene that is a specific marker for bipotent neuronal progenitors. This downregulation resulted in a marked delay in regeneration, leading to the conclusion that in wild-type hydra, head regeneration requires cnox-2 neurogenic function, and when this function is missing, a slower program is activated (Miljkovic-Licina et al. 2007 ).
In planaria a large-scale RNAi screen (Reddien & Sánchez Alvarado 2004 , Reddien et al. 2005 has identified five genes to date that both are expressed in the central nervous system and inhibit regeneration after silencing. One gene in particular, NB43.2h, codes for a zinc-finger protein, and silencing this gene results in a marked decrease in proliferation in the blastema (A. Sánchez Alvarado, personal communication). It will be interesting to follow the problem of nerve dependence as approached from this perspective.
PATTERN FORMATION Intercalation
In this section we focus on the principle of intercalation, an aspect of pattern formation in regeneration that is found in many contexts. It is possible to consider only a subset of current work in this area. The principle of intercalation is that experimental juxtaposition of cells whose positional identities along an axis are noncontiguous leads to local stimulation of growth. The proliferating cells often show preponderance for one identity, for example, proximal rather than distal. This often regenerates the intervening identities so as to reestablish continuity. What is the mechanism by which disparity is sensed and converted into proliferation and other variables of cell behavior such as movement or adhesion? How does this mechanism operate in normal regeneration? A related but distinctive topic is that of polarity in regeneration of the primary axis in invertebrates, and recent progress in this area is also considered.
Limb regeneration in hemimetabolous insects such as the cockroach has been a classical system for studying intercalation (Anderson & French 1985) . Limb regeneration in the cricket is a new context that allows gene knockdown by RNAi (Nakamura et al. 2007 ). When distal and proximal levels of the tibia are confronted, the intermediate levels are restored largely by proliferation from the distal partner, in confirmation of earlier work on the cockroach (Bohn 1976) . These confrontations of insect epidermal cells induce the expression of signaling molecules wingless and hedgehog in the proximal partner, and Nakamura et al. (2007) suggest that these molecules act on the regenerating cells. Knockdown of the cricket β-catenin blocks intercalary regeneration, supporting an involvement of the canonical wnt signaling pathway (Nakamura et al. 2007 ). Although much remains to be understood, for example, the nature of the difference between proximal and distal cells, it is encouraging to see progress with these methods on a critical classical problem.
A recently developed accessory limb model in the axolotl has explored the necessity for positional disparity in a stepwise model of ectopic limb regeneration (Endo et al. 2004 , Satoh et al. 2007 . The deflection of a brachial nerve into a skin wound provides a growth stimulus to form a bump, but such bumps progress to form limbs only if a piece of skin is grafted from the opposite side of the limb. The nerveinduced ectopic blastemas have a marker profile comparable to that of normal blastemas. The skin provides dermal fibroblasts of different positional identities, and this mixing of cells from opposite sides occurs during normal limb regeneration (Gardiner et al. 1986 ). The dermal cells have long been recognized to be critical for tissue patterning in the limb (Carlson 1974 , Lheureux 1975 , and recent microarray analysis shows that human skin fibroblasts from a variety of locations have distinctive gene expression programs (Rinn et al. 2006) .
In the regeneration of the axolotl limb, both the analysis of homeobox gene expression (Gardiner et al. 1995) and fate mapping after focal electroporation of distal cells (Echeverri & Tanaka 2005) indicate that the most distal elements are specified early in the process and that the intermediate elements are subsequently generated by intercalation. This principle of distalization may be a more general feature of regeneration in systems such as hydra and planaria (Agata et al. 2007 ). The early events that organize or rearrange the distribution of positional identities for the regenerate are clearly of great interest.
During planarian regeneration dorsal and ventral tissues adhere to each other as a result of wound closure after amputation. In experimental confrontations leading to ectopic dorsoventral (DV) interaction, this adherence leads to the formation of a blastema-like region and the generation of a structure from the grafted position to the distal tip (Kato et al. 1999 , Saito et al. 2003 . The authors suggest that the DV interaction after wound healing plays a key role in the normal onset of regeneration (Figure 9) . Further studies combining X irradiation with Model for the role of dorsoventral (DV) interaction in planarian regeneration. Dorsal ( green) and ventral (orange) tissues adhere to each other as a result of wound closure. The DV boundaries are marked with red dots. Subsequently, DV interaction induces blastema formation, outgrowth, and establishment of a DV axis. The anterior (A) stump forms anterior structures, and the posterior (P) stump forms posterior structures. Reproduced with permission from Kato et al. (1999). grafting show that the DV cues reside in differentiated cells and not in the neoblasts (Kato et al. 2001) . The instructive contribution of adult tissues to patterning in regeneration is important, as exemplified by the examples of the dermal fibroblasts and planarian regeneration considered above. Another example is the regeneration of the axolotl tail. The DV orientation of the spinal cord determines the DV patterning of both the regenerating cord and nonneural elements such as cartilage (Holtzer 1956 ). The mature cord maintains expression of a set of DV markers, as well as Sonic hedgehog on the ventral floorplate, which is a critical signal for several aspects of tail regeneration (Schnapp et al. 2005) . Schnapp et al. (2005) remark that the maintenance of patterning information in adult tissue may well be central to regenerative ability and that avian and mammalian cords do not maintain expression of some of these markers.
Positional Identity and Disparity Sensing
Positional confrontations may trigger the formation of local signaling centers and may activate transduction pathways, but what is the basis of positional identity, and how is the disparity between neighbors detected? Studies of interactions between proximal and distal limb blastemas in salamanders have suggested that cell adhesion and movement, as well as division, can be activated by disparity, leading to the plausible hypothesis that a critical aspect of positional identity is expressed at the cell surface (Stocum 1984 (Stocum , 2004a . The observation that proximo-distal identity in the salamander can be respecified by retinoic acid (Maden 1982) resulted in the identification of Prod 1, a member of the Ly6 family of proteins that is linked to the cell surface with a glycosylphosphatidylinositol (GPI) glycolipid anchor (Morais da Silva et al. 2002) . The structure of Prod 1, as determined by nuclear magnetic resonance (NMR) (A.A. Garza-Garcia, personal communication) is the consensus three-finger motif of the Ly6 proteins. The presence of a helical segment led to the suggestion that Prod 1 is the newt ortholog of CD59, but we know now that this is not correct because salamander CD59 sequences have been identified. Prod 1 is expressed in a gradient (proximal > distal) in a normal limb as well as in proximal and distal limb blastemas (Kumar et al. 2007a) . It is expressed in the dermal fibroblasts discussed above and is readily upregulated in these cells by retinoic acid (Kumar et al. 2007a) .
Prod 1 is implicated in several ways as a determinant of positional identity. Distal cells of the larval axolotl blastema are converted to proximal cells by electroporation of a plasmid expressing Prod 1 (Echeverri & Tanaka 2005) , and this respecification does not occur with mutations that prevent its expression on the cell surface ( J.W. Godwin, unpublished data). The engulfment assays with cultured proximal and distal blastemas are blocked with antibodies to Prod 1 or by the enzyme phosphatidylinositolspecific phospholipase C (PIPLC), which releases GPI-anchored proteins from the cell surface (Morais da Silva et al. 2002) . The nAG protein, discussed above in relation to nerve dependence, was identified as a secreted protein ligand to Prod 1. nAG acts as a mitogenic growth factor for cultured limb blastemal cells, and this action is also blocked by antibodies to Prod 1 (Kumar et al. 2007b) . Finally, the expression of Prod 1 after transfection in cultured newt cells activates a pathway leading to the transcriptional activation of the gene for matrix metalloprotease (MMP) 9, a marker for several contexts of regeneration (R.A. Blassberg, unpublished data). In a proposed minimal model for disparity sensing, cell surface molecules on neighboring cells interact by homophilic adhesion, leaving spare molecules on one cell if there is a difference in expression level (Morais da Silva et al. 2002) . Only spare molecules can be activated by a diffusible molecule such as nAG. The same model, but formulated with succeeding steps, has been proposed as a critical step in the regulation of cell proliferation by a morphogen gradient in the Drosophila wing disc (Rogulja & Irvine 2005) . The problem of disparity sensing needs attention in other contexts because it is a central aspect of regenerative and developmental phenomena.
Polarity in Regeneration
Polarity is also a problem of positional identity but is sufficiently distinctive in certain contexts of invertebrate regeneration to merit separate consideration. The process of head formation that takes place during regeneration in hydra involves apoptosis, proliferation, and respecification of the cells at the amputation plane ). These processes lead to the formation of a transient head organizer, which apparently involves wnt genes and β-catenindependent signaling. In the sea anemone Nematostella patterning along the oral aboral axis may be mediated by a Wnt code based on the staggered expression domains of members of this family (Guder et al. 2006 , Kusserow et al. 2005 . Recent studies on planaria have also implicated β-catenin, as mentioned above.
Signaling through β-catenin occurs at posterior amputations and is necessary and sufficient to specify cell fate, whereas signaling is blocked at anterior amputations, resulting in specification of head fate (Gurley et al. 2008 , Petersen & Reddien 2008 . In a striking demonstration, planarians knocked down for β-catenin and subjected to sagittal amputation to remove their lateral half can regenerate multiple side-facing head protrusions. There is also evidence for a Wnt code in planaria that is comparable to that in Cnidaria from sequential expression of five different Wnt family members along the anteroposterior axis of the planaria.
CONCLUSIONS
At present we do not have enough understanding of regeneration in different contexts to know if it is a unitary mechanism. It is possible to point to molecules such as MMPs or muscle segment homeobox proteins (Msx) that are widely expressed and play important roles in tissue remodeling or modulating the differentiated state and the cell cycle, but this is not strong evidence for a unitary mechanism. Somewhat stronger evidence is provided by common signal transduction pathways (Sánchez Alvarado & Tsonis 2006 , Stoick-Cooper et al. 2007a , for example, the role of the Wnt pathway in planarian and cnidarian regeneration. An analysis of upstream activation and downstream targets is needed to be really compelling. The injury signal and the nerve dependence are two examples in which common mechanisms might be sought. For example, it would be interesting if most instances of vertebrate regeneration were initiated by the same injury signal.
It is often stated that regeneration involves a reactivation of development, but the relationship to development may be closer to that described above as an epiphenomenon. Such a relationship obviates the necessity to evolve this aspect of the mechanism quite independently in different contexts while it provides one rationale for the lability of regeneration in related species. Modules that are specific to regeneration versus development, such as the response to injury or the nerve dependence, could have been added on to the aspect that is derived from development and broadly devoted to morphogenesis. One important goal for the future is to identify the mutations that are proposed to occur naturally and that prevent regeneration. One context in which this might be possible is a comparison between regenerating and nonregenerating species of planaria. There are also cases in which one member of a pair has lost the ability to regenerate a particular structure-for example, the axolotl has lost lens regeneration relative to the newt (Grogg et al. 2005 , Imokawa & Brockes 2003 . There are no cases in which partial regeneration occurs, and it is apparently the early events in relation to the response to injury and the generation of regenerative cells that are the main targets for loss. It is interesting to compare regeneration with another, and better understood, example in which differences occur between closely related species: the gain and loss of introns (Kiontke et al. 2004 , Roy & Gilbert 2006 . In nematode species the pattern of conservation of a particular intron leads to models of multiple independent losses or gains in the same position (Kiontke et al. 2004) . Although the mechanisms of intron loss and gain are well understood, at least in principle, these phylogenetic differences remain a matter of intense debate between explanations based on molecular cell biology on the one hand and population genetics on the other hand (Lynch 2007) .
The implications for regenerative medicine have been discussed elsewhere (Brockes & Kumar 2005; Stocum 2004b Stocum , 2006 StoickCooper et al. 2007a) , and the remarks here are more by way of summary. In general, there are probably a number of differences that prevent mammalian regeneration occurring on the scale of a salamander. It is most unlikely, on this view, that any realistic corrective intervention could unlock the potential for such events. However, some phenomena, such as the restoration of hole injuries in the pinna of the ear that occurs in some mouse strains, are redolent of a blastema and are of great interest (Heber- Katz et al. 2004 ). More generally, regenerative biology can inform regenerative medicine in a variety of ways with respect to overall strategy. We have argued, for example, that the morphogenetic autonomy of the limb blastema in a salamander would be a desirable property to implement in a mammalian context (Brockes & Kumar 2005) . It would be very surprising if regenerative medicine did not have a lot to learn from the various species discussed here that regenerate so successfully.
SUMMARY POINTS
1. It is difficult to understand regeneration as an evolutionary variable, for example, its distribution among closely related species as well as within vertebrates or between phyla.
2. Regeneration in some invertebrates is closely related to methods of agametic reproduction, particularly fission and fragmentation, but the precise relationships are not clear.
3. Modeling approaches may now test the hypothesis that the mechanism of regeneration, or certain aspects of the mechanism, may be secondary or derived.
4. There is currently renewed interest in the role of bioelectrical signals early in regeneration, as well as the possible influence of the immune system. Establishment of a functional wound epithelium is a critical early event in many contexts of regeneration and a target of various regulatory mechanisms.
5. The origin of the progenitor cells for regeneration continues to be debated in the contexts of amphibian and fish regeneration, whereas hydra and planaria depend on resident stem cells.
6. Most contexts of regeneration are dependent on the concomitant regeneration of the nerve supply, and in the salamander limb this dependence reflects the ability of regenerating axons to induce expression of a growth factor in the nerve sheath and the wound epithelium.
7. Intercalation is a central principle of patterning during regeneration in many contexts, including planaria and hemimetabolous insects. There has been some progress in understanding the mechanisms whereby local disparities are sensed and transduced. The phenomenon of polarity in hydra and planarian regeneration apparently depends on Wnt signaling.
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